ABSTRACT Biotin is a coenzyme that fixes CO2 for transfer in a family of carboxylase, decarboxylase, and transcarboxylase enzymes. Their Our previous diffraction study (7) of biotin revealed an unusual twisted conformation of its valeryl chain; our study of dethiobiotin (structure Ic) (8) suggested that the sulfur of biotin might play a role in maintaining the conformation. Here we describe diffraction studies of six biotin vitamers: the heterobiotins, carbobiotin (structure Id) (9), oxybiotin (structure Te) (10), and selenobiotin (structure If) (11); the oxidation products, biotin-d-sulfoxide (structure Ig) and biotin sulfone (structure Ih); and the methyl ester of biotin (structure Ii). We also discuss their relevance to the mechanics of the translocation process.
cord with spectroscopic measurements of one of the biotin enzymes. From our studies we infer that sulfur in biotin imparts to the valeryl chain a conformational variability necessary for bond rotation and, hence, translocation between catalytic sites.
Biotin (structure Ta) participates as coenzyme in a variety of carboxylase, transcarboxylase, and decarboxylase enzyme systems in which its role is to fix CO2 for eventual transfer. Biotin-mediated reactions involve at least two steps, during which an Nl'-carboxybiotinyl intermediate (structure Tb) is formed (1) . Kinetic catalyzed by methylmalonyl-CoA:pyruvate carboxyltransferase (EC 2.1.3.1) from Propionibacterium shermanii displays nonclassical "two-site" bi (uni uni) ping pong kinetics (2) . The enzyme can be dissociated into three nonidentical protein subunits, the 12S, 5S, and 1.3S proteins. Only the last of these contains biotin, covalently bound to the E-amino group of the Lys-87 residue. Reconstitution experiments '(3) suggest the following reaction mechanisms in line with the kinetic data S-Methylmalonyl-CoA + 1.3S-biotin propionyl-CoA + 1.3S-biotin -CO2 Our previous diffraction study (7) of biotin revealed an unusual twisted conformation of its valeryl chain; our study of dethiobiotin (structure Ic) (8) suggested that the sulfur of biotin might play a role in maintaining the conformation. Here we describe diffraction studies of six biotin vitamers: the heterobiotins, carbobiotin (structure Id) (9), oxybiotin (structure Te) (10) , and selenobiotin (structure If) (11); the oxidation products, biotin-d-sulfoxide (structure Ig) and biotin sulfone (structure Ih); and the methyl ester of biotin (structure Ii). We also discuss their relevance to the mechanics of the translocation process.
EXPERIMENTAL DETAILS Except for crystals of biotin methyl ester, which were grown from acetone/cyclohexane, crystals of the vitamers were grown from aqueous or aqueous ethanol solutions. X-ray diffraction data were measured on automated counter diffractometers by use of copper radiation. Intensity data were integrated by 0-20 scans, and were corrected for Lorentz and polarization effects but not for absorption or extinction. Because the linear absorption coefficient for selenobiotin is rather large (48.7 cm-,), the data for it were measured in a minimum pathlength mode. Selenobiotin is isomorphous with biotin, and its structure was directly refined from the coordinates of biotin. Table 2 .
RESULTS
The conformations of the six vitamers, along with biotin, dethiobiotin, and azabiotin (structure Ij) (12) , are shown in Fig.  1 . Selected parameters of the bicyclic ring geometries are collected in Table 3 .
In all of the vitamers, the ureido C2'-02' bonds are longer, and C2'-N bonds are shorter, than the corresponding bonds in barbiturates (13) and approach those in urea (14) . (Fig. 3 ), but the latter two define the extremes of the observed polarizations (Fig. 2) .
The bicyclic rings are all endo shaped, with the heteroatoms tucked in towards the ureido rings. Out-of-plane distances for the heteroatoms (Table 3 ) range from 0.58 to 0.98 A. Departures from ideal bicyclic mirror symmetry, measured by the asymmetry parameters (7) in Table 3 Our finding of the sulfoxide oxygen equatorial in biotind-sulfoxide confirms the assignment of the d-oxygen configuration (S stereochemistry at sulfur) that had been deduced from nuclear magnetic resonance studies (16) . (14) 7984 (3) 2552 (4) 6378 (6) 4610 (10) 4442 (8) 8046 (8) 783 (6) 1500 (1) 6348(2) 4323 (3) 6447 (11) (3) 2480(4) 6697(6) 5221 (9) 4417 (8) 10053 (9) 1405 (6) 1906 (1) 5673(2) 3603 ( (4) 2528 (5) 8726 (6) 5402(11) 3188(8) 10842 (9) 3452 (6) 1970 (1) 5289(3) 3349 (4) 6043 (13) (7) 9367 (9) 4135 (7) 1621 (1) 5755(3) 3887 (4) 6631 (12) -504 (7) 1265 (13) 5332(4) -4014(16) 7240(4) 1988 (5) 4636(6) 3212 (11) 5807 (7) 7276 (8) -1074 (7) 1413 (2) 6812(2) 4574 (4) 7826 (12) (3) 2057 (5) 4436 (7) 5119(11) 5932(9) 7616(11) -1687(7) 1000(2) 7010 (2) 5297 (4) 6345 (11) 1726 (6) (8) 4824 (5) 8538 (8) -2453(9) 567(1) 8457 (2) 6919 (3) 6923 (11) 5317 (4) 8205 (10) 9990 (4) 1264 (14) 3152 (12) 6888(7) 8689 (2) 6944 (3) 2204(4) -339(14) 3590 (9) 3741 (6) 4751(2) 2920 (3) 3276 (4) -409(19) 2130(11) 5053 (7) 4825 (2) 2906 (3) 4285(3) -2246 (12) 2873 (8) 5467 (6) 5359(2) 3300 (3) 3998 (3) 4651 (4) 103 (6) 6530(10) -2679(10) 72 (1) 9647(12) 7571(4) 5417 (11) 8891 (3) 1334 (4) 8991 (5) 12156(7) 3882 (5) 2294 (1) 8076(11) -3653(5) 2127 (9) 8140 (4) 653 (4) 7536 (7) 12300(8) 2433 (7) 2392 (1) 9204(13) -4283(4) 3555 (12) 7627 (3) 1252 (4) 6187 (5) 11016(8) 986 (5) 2182 (1) 8192(11) -3462(5) 2599 (9) 3314 (3) 872 (13) 7985 (3) -365(3) 7459 (4) 288(7) 5760 (6) 13353 (6) 2421 (5) 2637 (1) 4433(2) 2564 (3) 10935 (9) -5405(4) 5389 (7) -----1662 (9) 447 (2) ----
9134(17) C8
3438 (5) 7686(4) -1990 (17) 5655 (4) 3406 (5) 2650(7) 2477(1) 4075(10) 5827(8) 7167 (10) -1908 (7) 895 (2) 3027(6) 7576(2) 5684 (4) 7859 (13) 2816 (6) 4602(14) C9 4254 (4) 2984 (1) 2973 (6) 8873 (4) -2431(17) 4844 (4) 3371 (4) 2561 (8) 5915(11) 6254(8) 7882 (13) -2658(9) 486 (2) 7778(3) 6370 (4) 6479 (13) 4648 (5) 10 single bonds in the valeryl-lysyl chain that connects the bicyclic ring of biotin to the backbone of the enzyme. The observed conformations of the vitamers, however, suggest a number of translocation mechanisms that involve rotation about at most two bonds, C2-C6 and C6-C7 of the valeryl chain.
The key rotations were discovered during computer analyses of the observed structures. Carboxybiotinyl models were constructed from the observed conformations of biotin and its methyl ester, sulfone, and d-sulfoxide by adding carboxyl groups to their Ni' nitrogens at reasonable bonding distances and angles (unpublished results). The similar, all-trans, planar moieties, C7 to ClO, of the four heterosulfur molecules were The angle between the planes fit to atoms C2, C3, C4, and C5 and to atoms C2', N1', N3', C4, and C5, respectively. 3091 (4) 1638 (1) 1119 (6) C7 3825 (4) 2158 (1) 805 (5) A superimposed (Fig. 4) by pairwise fit by a least-squares procedure (17) . A -gauche -trans twist about the C2-C6 bond and a +gauche -trans twist about the C6-C7 bond of biotin would bring its bicyclic ring into approximate congruence with the bicyclic ring of its sulfone, for example. In the process, the hypothetical CO2 carbon is moved 6.9 A (Table 4 ). (18) . An activation energy for translocation could come from various rearrangements of the hydrogen bonding of the ureido function (Fig. 3) .
The process of biotin translocation was originally envisioned as a movement of the prosthetic group some 28 A on the "swinging arm" of the 14-A lysyl-valeryl chain connecting the coenzyme to the enzyme backbone (1) . Magnetic resonance experiments (4-6) require a downward estimate for transcarboxylase to approximately 7 A, and our studies suggest several mechanisms involving one or two energetically economical bond rotations consistent with the 7 A figure. There are at least 10 distinct biotin-dependent enzymes, all of which exhibit two-site properties for the half-reactions and all of which presumably involve translocation of CO2. We have outlined a number of possible mechanisms for such translocations. Fig. 4 for the appropriate stereoview of the translocation.
t The distance the CO2 carbon atom moves during the translocation.
The shift in the S-C2-C6-C7 torsion angle, +g (+gauche, ;:6O), -g (+gauche, t-60o), t (trans, -1800). § Similarly, the shift in the C2-C6-C7-C8 torsion angle.
